The accumulation of the osmolyte betaine was found to be correlated with the development of freezing tolerance (FT) of two wheat cultivars where it increases by about three fold during the cold' acclimation period. Exogenous betaine application resulted in a large increase in total osmolality mostly due to betaine accumulation. Plants that accumulated betaine are more tolerant to freezing stress since a four day exposure to 250 mM betaine resulted in a LT 50 of -8°C (in spring wheat Glenlea) and -9°C (in winter wheat Fredrick) compared to -3°C (Glenlea) and -4°C (Fredrick) for control non-exposed plants. Betaine treatment (250 mM) during cold acclimation increased FT in an additive manner since the LT 50 reached -14°C (Glenlea) and -2 2°C (Fredrick) compared to -8°C (Glenlea) and -16°C (Fredrick) for plants that are cold acclimated in the absence of betaine. These results show that betaine treatment can improve FT by more than 5°C in both non-acclimated and cold-acclimated plants. The betaine treatment resulted in the induction of a subset of low temperature responsive genes, such as the wcor410, and wcor413, that are also induced by salinity or drought stresses. In addition to these genetic responses, betaine treatment was also able to improve the tolerance to photoinhibition of PSII and the steady-state yield of electron transport over PSII in a manner that mimicked cold-acclimated plants. These data also suggest that betaine improves FT by eliciting some of the genetic and physiological responses associated with cold acclimation.
The accumulation of the osmolyte betaine was found to be correlated with the development of freezing tolerance (FT) of two wheat cultivars where it increases by about three fold during the cold' acclimation period. Exogenous betaine application resulted in a large increase in total osmolality mostly due to betaine accumulation. Plants that accumulated betaine are more tolerant to freezing stress since a four day exposure to 250 mM betaine resulted in a LT 50 of -8°C (in spring wheat Glenlea) and -9°C (in winter wheat Fredrick) compared to -3°C (Glenlea) and -4°C (Fredrick) for control non-exposed plants. Betaine treatment (250 mM) during cold acclimation increased FT in an additive manner since the LT 50 reached -14°C (Glenlea) and -2 2°C (Fredrick) compared to -8°C (Glenlea) and -16°C (Fredrick) for plants that are cold acclimated in the absence of betaine. These results show that betaine treatment can improve FT by more than 5°C in both non-acclimated and cold-acclimated plants. The betaine treatment resulted in the induction of a subset of low temperature responsive genes, such as the wcor410, and wcor413, that are also induced by salinity or drought stresses. In addition to these genetic responses, betaine treatment was also able to improve the tolerance to photoinhibition of PSII and the steady-state yield of electron transport over PSII in a manner that mimicked cold-acclimated plants. These data also suggest that betaine improves FT by eliciting some of the genetic and physiological responses associated with cold acclimation.
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Cold acclimation (CA) allows hardy plants to develop efficient tolerance mechanisms needed for winter survival. During this period, numerous molecular, biochemical, physiological, and metabolic functions are altered in plants (Guy 1990 , Huner et al. 1993 , Hughes and Dunn 1996 . Among these changes, the increased resistance to dehydrative stress caused by freezing temperatures is considered to be an important component for winter survival. Several proteins homologous to dehydrins have been identified and thought to play an important role in protecting sensitive tissues against the dehydration caused by freezing (Houde et al. 1995 , Limin et al. 1997 , Danyluk et al. 1998 ). In addition, compatible osmolytes such as polyols, proline, and betaine were found to be associated with increased tolerance to the dehydrative effects of salinity, drought and cold stresses (Rhodes and Hanson 1993 , Hanson et al. 1994 , Kishitani et al. 1994 . The effect of dehydrins and osmolytes may thus contribute in a synergistic manner to improve tolerance to dehydrative stress caused by freezing.
Betaine is thought to be synthesized in spinach chloroplasts by the enzymes choline monooxygenase and betaine aldehyde dehydrogenase Hanson 1993, Weretilnyk et al. 1989 ). It may accumulate in different cellular compartments to adjust osmotic balance (McCue and Hanson 1990 ) and increase the stability of protein tertiary structure (Yancey et al. 1982) . In vitro studies have shown that betaine can protect membranes of Beta vulgaris roots against heat denaturation (Jolivet et al. 1982) . Betaine protects several higher plant enzymes from heat denaturation (Shomer-Ilan et al. 1991), NaCl, or KC1 (Schwab and Gaff 1990) . It can also stabilize the photosynthetic activity of isolated chloroplasts over time (Genard et al. 1991 ) and protect PSII against the inhibitory effect of NaCl (Murata et al. 1992 ). Interestingly, it was shown that an exogenous application of 25 mM betaine on barley leaves improves recovery after an osmotic stress imposed by polyethylene glycol ( -1 0 bar) (Itai and Paleg 1982) . Kishitani et al. (1994) have found a correlation between the amount of betaine accumulated during cold acclimation (CA) of different barley cultivars and their level of freezing tolerance (FT). Recent findings indicate that Arabidopsis or Synechococcus that overexpress the bacterial codA gene involved in betaine synthesis are more tolerant to cold stress and to low temperature photoinhibition (Hayashi et al. 1997 ). However, it is still not clear whether betaine can play a significant role in the capacity of plants to cold-acclimate and develop FT. Using two wheat cultivars with different levels of FT, we studied the accumulation of this compound during CA and evaluated the effect of an exogenous application of betaine on PSII photochemistry, on the expression of genes induced by low temperature (LT), and on the capacity of plants to develop FT. Our data show that betaine can mimic LT in increasing FT and resistance to LT photoinhibition. Its effect is cumulative with CA and allows different wheat cultivars to improve their FT above the level that can be normally achieved under optimal cold acclimation conditions. The mechanisms by which betaine may increase FT are discussed.
Materials and Methods
Plant material, growth conditions, and freezing tolerance determination-In this study, we used two wheat cultivars (Triticum aestivum L. cv. Glenlea, LT 50 of -8°C ; and T.aestivum L. cv. Fredrick, LT 50 of -16°C) and one barley cultivar (Hordeum vulgare L. cv. Winchester, LT 50 of -7°C). Seeds were surface sterilized with 2% sodium hypochlorite for 15 min and germinated in a mixture of moist vermiculite and soil (1 : 2) for 5 d in the dark and two days under artificial light (20°C/18°C, day/ night with a 15 h photoperiod). CA was performed by subjecting the seedlings to a day/night temperature of 6°C/2°C for the specified period. Plants grown at 20°C/18°C or 6°C/2°C were analysed at comparable physiological ages based on dry weight as previously described (Cadieux et al. 1988 ). FT was determined as reported previously (Perras and Sarhan 1989) and expressed as the temperature required to kill 50% of the seedlings (LT 50 ). Treatments with different osmolytes were performed by incubating 7 day-old plants for 4 d at 20 c C/18°C. The different osmolytes were prepared in the nutrient solution which was made fresh and changed daily to reduce the risk of bacterial growth and osmolyte degradation (Wyn Jones et al. 1973) . Concentration and incubation conditions are specified for each experiment. Betaine treatment was performed with plants grown in vermiculite or in vermiculite and soil (1 : 2) with identical results. In some experiments, plants were pre-incubated with betaine at 20°C/18°C as described above and then submitted to cold acclimation. These experiments gave similar results to that of betaine treatment during cold acclimation.
Determination of leaf osmolality-Total leaf osmolality is measured from an extract obtained by grinding 1 g of fresh tissue with a mortar and pestle. The liquid extracted from the leaf is then centrifuged at 12,000xg for 10min. at 4°C. The osmolality of the supernatant was measured using the advanced wide-range osmometer (model 3W2 from Advanced Instruments Inc, Massachusetts, U.S.A.) and expressed as mOsm (kg H 2 O)~'. One Osmole decreases the freezing point of water by 1.86°C. In order to evaluate the contribution of betaine to total leaf osmolality, betaine was extracted and quantified as described below. The endogenous betaine content was expressed in mOsm (kg H 2 O)"' using a standard curve of betaine concentrations that varied from 0 to 500 mM.
Extraction and quantification of betaine-Leaf segments (1 g) were extracted 3 times with 6 ml methanol at 4°C over a 48 h period and the final volume was adjusted to 20 ml. Methanol extracts were partitioned in a mixture of methanol extract : chloroform : water (10:5:6). The water phase was removed and evaporated to dryness using a rotoevaporator and dissolved in 2 ml of water. At this stage, a known amount of glycine betaine free base (ICN) was added to a duplicate sample as an internal standard to determine the efficiency of the purification procedure and betaine recovery. The samples were then applied to Dowex-1-OH~ and Dowex 50 (H + ) ion exchange resins as described (Rhodes et al. 1987) . Betaine was quantified by the spectrophotometric periodide method (Lerma et al. 1991) .
Immunoblot analysis-Soluble proteins were extracted from leaf tissues by grinding in a precooled mortar with Tris buffer (0.1 M Tris-HCl, pH 9.5 containing 1 mM phenyl-methylsulfonyl fluoride). The extract was immediately centrifuged for 5 min at 12,000 x g and the supernatant was adjusted to final buffer concentration with 2x SDS electrophoresis sample buffer (Laemmli 1970) . For the WCOR410 proteins, extraction was performed according to the procedure described by Danyluk et al. (1998) . Samples were separated by electrophoresis on 10% polyacrylamide-SDS gels and electrophoretically transferred to nitrocellulose (BAS-85, Schleicher and Schuell). After blocking with powdered milk (2% w/v) in PBS (136 mM NaCl, 5.4 mM KC1, 13 mM Na 2 HPO 4 , 1.25 mM KH 2 PO 4 , pH 7.4) containing 0.2% Tween-20 (blotto), the blot was incubated with either a 1 : 1,000 dilution of the purified WCOR410 antibody, a 1 : 10,000 dilution of the WCS120 antibody, or a 1 : 500 dilution of the WCS19 antibody. After washing with PBS containing 0.2% Tween-20, the proteins recognized by the primary antibody were reacted with peroxidasecoupled anti-rabbit IgG. The complex was revealed using the ECL (enhanced chemiluminescent) kit (Amersham).
Northern blot analysis-RNA isolation and northern blot analysis were performed as previously described in detail (Houde et al. 1992) .
PSII photochemistry-Susceptibility of control (non-treated) and betaine-treated wheat seedlings to photoinhibition at low temperature was monitored as follows: leaves were placed on a moist filter paper in an ice-cooled aluminum tray and were exposed to an irradiance of l,600yumol m~2s~' using a high-pressure sodium lamp (Lucalox 14-400, CGE, Toronto, Ont., Canada) in a cold room set to maintain an air temperature of 5°C. A heat filter of circulating cold water was placed between the light source and the samples and two circulating fans provided continuous air circulation over the samples. Under these conditions, the temperature of the leaves was maintained at 5-7°C during exposure to the photoinhibitory treatment.
Chlorophyll a fluorescence of dark-adapted (30 min) wheat leaves was measured using a PAM 101 chlorophyll fluorescence measuring system (Walz, Effeltrich, Germany) as described by Schreiber et al. (1986) . Instantaneous (dark) chlorophyll fluorescence of open PSII reaction centres (Fo) was excited by a non actinic modulated measuring beam (650nm, 0.12//mol m~2s~') at 1.6 kHz in the dark and 100 kHz in the light. Maximum fluorescence of closed PSII reaction centres (Fm) was induced by saturating white light pulses (800 ms, 2,800 /imol m" 2 s" 1 ) provided by a Schott lamp (KL 1500, Schott Glaswerke, Mainz, Germany) and controlled from a Walz PAM 103 Trigger Control Unit. Fm'under steady state conditions was calculated using the extrapolation method of Markgraf and Berry (1990) . The actinic light beam had a PPFD of 250/imol m" 2 s"'. The photochemical (qP) and nonphotochemical (qN) fluorescence quenching parameters were calculated using the procedure described by Quick and Stitt (1989) , taking into account the quenched Fo during the dark relaxation. The fluorescence characteristics were evaluated when the steady-state Fs level was reached.
Results
Kinetics of betaine accumulation during cold acclimation-To determine if betaine accumulation is associated with increased FT, the betaine contents were determined in the two wheat cultivars during CA (Fig. 1) . In both cultivars, betaine content decreased during growth at the non-acclimating temperature of 20°C/18°C while it increased during growth at the cold acclimating temperature of 6°C/2°C. The basal betaine level was 30% higher in Fredrick, the more tolerant winter cultivar, before CA (8.5 //mol (gFW)" 1 ) compared to Glenlea, the less tolerant spring cultivar (6.5 ^mol (gFW)" 1 ). This difference was maintained during the entire period of CA. At the end of the acclimation period Fredrick accumulated 21.3/umol (g FW)" 1 of betaine compared to 15.3/Ytnol (gFW)" 1 for Glenlea. In both cultivars the water content decreased from 88% to 81% during the acclimation period. This may reflect the increase in compatible solutes, since the osmolality of the cell sap increased from 383 mOsm kg" 1 to 620 mOsm kg" 1 in Fredrick, rather than a dehydration process per se. On a dry weight (DW) basis, cv. Fredrick accumulated 106.5 jumol betaine (gDW)" 1 compared to Glenlea which accumulated 82.7/miol (gDW)" 1 . This result indicates that the increase in betaine content is correlated with the development of FT in the two cultivars. If we calculate the contribution of betaine to the total osmolality of the cell, we find that betaine accounts for only 4.5% and 3.6% of the osmolality after 30 d of cold acclimation for Fredrick and Glenlea respectively. This result indicates that betaine contribution to the total cellular osmolality is very low. However, it may play an important role if it is concentrated in a specific subcellular compartment.
Exogenous betaine uptake-To determine whether exogenous betaine could play a role in improving FT and photosynthesis at LT, we first evaluated the plant's capacity to accumulate betaine. Seven days old plants were incubated in the presence of different concentrations of exogenous betaine for four days and betaine uptake was determined. Betaine contribution to total leaf osmolality was negligible in control plants (estimated to 7 mOsm (kg H 2 O)~', result not shown). However, when various concentrations of exogenous betaine are supplied to the plants, it was easily incorporated with no signs of saturation in the concentration range used (Fig. 2) . At an external concentration of 100 mM, the total leaf osmolality increased by 107 raOsm (kg 80% of the total leaf osmolality is contributed by betaine in the leaf extract (based on the average level of accumulated betaine to total leaf osmolality in Fig. 2 ). With such an increase in leaf osmolality, it is unlikely that betaine accumulating in the leaf is targeted to a specific subcellular compartment. For example, if this amount of betaine is accumulated only in the apoplastic space, the concentration of betaine would be much higher causing a severe osmotic stress. We thus believe that betaine is accumulated in the cell to maintain an osmotic equilibrium between the different cellular compartments.
Effects of exogenous betaine on freezing tolerance-The increase in betaine content was found to be associated with a substantial increase in survival rate compared to control non-acclimated spring wheat plants (Fig. 3A) tion of betaine was used. At 100 mM, the percent survival was increased by 5-6 fold compared to the untreated plants (Fig. 3A) . Treatment with 250 mM betaine was sufficient to increase FT of Glenlea from -3°C to -8°C (Fig. 3B) . This corresponds to the maximal FT normally achieved by this spring cultivar after CA (Fig. 3B) . Increasing the concentration of betaine to 500 mM resulted in a slightly higher survival rate (corresponding to 60% survival in Fig. 3A ). However, this higher concentration of betaine appeared to be toxic to the plants since longer exposure times resulted in gradual chlorosis of the leaf tips. This betaine concentration was thus eliminated in other experiments. We examined whether the combined treatment of betaine and LT improved FT in cv. Glenlea (less tolerant) above the level reached after LT treatment alone. Figs. 3A and 3B show that the survival of plants treated with betaine during CA were dramatically improved over plants that are cold-acclimated without betaine. Fig. 4 shows the results of a typical experiment for plants treated with 250 mM betaine at 20°C or during CA. Plants treated with betaine at 20°C were much more tolerant than control non-acclimated plants (Fig. 4A) . When plants were treated with betaine and LT, their survival was not affected at a temperature of -8°C (Fig.4A) and barely affected by a temperature of -13°C (Fig. 4B , the average LT 50 was estimated as -14°C in Fig. 3B ). These results demonstrate that betaine and CA act in an additive manner to improve FT. A similar result was obtained with the winter cultivar Fredrick where maximal FT was increased from -16°C to -22°C for plants treated with betaine during CA. We also evaluated the capacity of betaine to improve FT in barley cv. Winchester, a species which was previously shown to accumulate betaine during CA (Kishitani et al. 1994 ). The combined treatment of CA and betaine was as efficient in this species as in wheat since maximal FT was also improved by 6°C.
Genetic response to betaine exposure-The significant increase in FT of 5°C to 6°C cannot be explained solely by the lowering of the freezing point of water caused by betaine (250 mM betaine increased the plant osmolality by 252mOsm (kgH 2 O)~', from Fig. 2 ). This increase would only lower the freezing point of water by 0.47°C and certainly does not explain the observed increase in FT. In order to determine whether other osmotica could improve FT, we treated plants with various concentrations of NaCl, proline, and mannitol for 4 d. We found that these substances were able to increase total leaf osmolality at levels comparable to betaine treatment (Allard 1995) . However, FT was not improved significantly for any concentrations of these osmolytes and did not result in the accumulation of LT-regulated transcripts or proteins (data not shown).
These results indicate that betaine may induce physiological responses associated with the development of FT in a specific manner. Thus, we investigated whether betaine can sion no. L29152) accumulates in a concentration dependent manner when plants are exposed to varying amounts of betaine ( Fig. 5 ). When we examined the expression of the WCS120 (Genbank accession no. M93342) protein family or of the WCS19 (Genbank accession no. L13437) protein, we found that these proteins did not accumulate upon exposure to betaine (not shown). Since these last two genes were shown to be induced by LT while the wcor410 gene was inducible by LT, salinity, and water stress (Danyluk et al. 1994) , we examined the expression of another gene (wcor413 Genbank accession no. U73216) known to be in- duced by such stresses. Due to the unavailability of antibodies against the product of this gene, we measured the level of RNA accumulation after exposure to 250 mM betaine. Northern blot analysis revealed that both the Wcor413 and Wcor4lO transcripts accumulate upon exposure to 250 mM betaine (Fig. 6) . The level of transcript accumulation at 20°C was of 2 and 4 fold respectively compared to control plants. However, the accumulation was much higher (ten fold) in cold-acclimated plants suggesting that betaine only mimics part of the effect of low temperature. The analysis also showed that the level of expression of these genes in a combined treatment of betaine + cold acclimation was slightly (~30%) higher than in the cold acclimation treatment alone. The finding that at least two LT-regulated genes are up-regulated by betaine exposure suggests that these, and possibly other genes, may contribute to the improvement of FT in betaine-treated plants. Effect of betaine on the tolerance to photoinhibition-It is well known that cold-acclimated plants have a greater capacity to resist to photoinhibition and that this is correlated with FT (Huner et al. 1993) . Since betaine was shown to have a protective effect on PSII in vitro, and since this compound is considered to be synthesized in the chloroplast, we evaluated the effect of an exogenous supply of betaine on the resistance to photoinhibition measured as the light dependent inhibition of the photochemical efficiency of PSII (Fv/Fm).
Exposure of spring and winter wheat to 250 mM betaine resulted in small but consistently higher levels of qP and higher yields of PSII electron transport (0e) than nontreated controls (Table 1) during steady-state photosynthesis at 20°C. Thus, betaine-treated spring and winter wheat seedlings appeared to exhibit a greater capacity to prevent the closure of PSII reaction centres (1 -qP) than non-treated controls during illumination at 20°C and 250 ^mol m" 2 s~'. This was correlated with a decreased susceptibility to photoinhibition at low temperature in betaine-treated seedlings. The Fv/Fm ratio of 250 mM betaine-treated spring wheat plants was 84 ± 4 % (of dark-adapted samples) compared to 72 ± 2 % for the non-treated plants (Fig. 7) . A similar improvement was observed for the winter wheat Fredrick (80d= 1 % in betaine-treated versus 66±2% for the non-treated plants). Thus, betaine not only induced an increased FT but also induced increased resistance to photoinhibition at low temperature. Increased resistance to photoinhibition has already been reported in cold-acclimated plants. On average, winter cultivars increased their Fv/Fm ratio from 68±4% before CA to 88±4% after CA. Similarly, spring cultivars increased their Fv/Fm from 70 ± 4 % before CA to 81 ± 3 % after CA (Huner et al. 1993) . Betaine treatment at 20°C thus improves resistance to photoinhibition in both cultivars in a manner similar to CA.
Discussion
Kinetics of betaine accumulation during low temperature exposure-Betaine accumulation was found to be associated with the development of FT during CA in two wheat cultivars. A similar result was also observed in barley by Kishitani et al. (1994) . This increase in betaine was mostly due to an increase in betaine dehydrogenase (BADH) activity (Kishitani et al. 1994) . It has been suggested that betaine improves resistance to osmotic stresses by increasing the osmolality of the cell. However, in our experiments, the contribution of betaine to the total osmolality of the cell was negligible. We found that betaine accounts for only 3.6% and 4.5% of the osmolality after 30 d of cold acclimation for Glenlea and Fredrick respectively. This result demonstrates that betaine contribution to the total osmolality is very low. As indicated by Wyn Jones et al. (1977) , such a low concentration would require compartmentation in order to play a significant role as osmoprotectant. Studies performed by Matoh et al. (1987) have shown that betaine is excluded from vacuoles of spinach leaf cells and is mostly found in the cytoplasm and chloroplasts. It was estimated that betaine concentration can reach 300 mM in spinach (Robinson and Jones 1986) and Suaeda (Genard et al. 1991) chloroplasts when plants are submitted to salt stress. This concentration is approximately 20 fold greater than the average betaine leaf concentration. Betaine compartmentation was not determined in wheat but if we consider that a similar concentration factor may be present in wheat chloroplasts during CA, the actual concentration of betaine could be very significant. Since we have estimated that betaine accounts for 4.5% of the osmolality in cold-acclimated Fredrick, a twenty fold higher concentration of betaine in the chloroplast would suggest that betaine could contribute for as much as 90% of the chloroplasts' osmolality (or 612 mOsm (kgH 2 O)~'). Such a concentration could have a great impact on chloroplast function since in vitro studies have shown that betaine can increase the thermal stability of PSII (Williams et al. 1992 ) and can protect against the inhibitory effect of NaCl (Murata et al. 1992) . Betaine accumulation in the chloroplasts may thus be an important factor in maintaining its efficiency at LT. Furthermore, transgenic Arabidopsis plants overproducing betaine were recently shown to have a greater resistance to photoinhibition at LT .
During freezing stress, extracellular ice formation creates a water vapour deficit that increases water migration from the interior to the exterior of the cells resulting in the dehydration of the protoplasm. This dehydration process would also cause all ions to become more concentrated inside the cell and could thus results in ionic stress affecting sensitive metabolic processes. The accumulation of non toxic molecules such as betaine in the most sensitive subcellular compartments could provide protection to cells during freezing stress. Betaine treatment results in a greater FT which may be due to a greater protection of the sensitive vascular transition zone in the crown (Tanino and McKersie 1984) . We do not know whether betaine plays a direct role in this region of the plant or if the greater resistance of this region is attained indirectly by improving other components of the cold acclimation process. It is worth noting that hardy cereals such as rye, wheat, and barley have higher basal levels of betaine compared to sensitive species such as rice, millet, and sorghum (Kishitani et al. 1994) .
Effect of exogenous betaine on cellular and molecular responses-Exogenously applied betaine increased the betaine content and substantially increased the survival after freezing compared to control non-acclimated plants (Fig. 2, 3A) . Treatment with 250 mM betaine was found to be optimal for wheat and barley, and was found to be additive with CA. This demonstrates that the maximal FT of these species can be improved dramatically by exogenous betaine application. The fact that betaine application could improve FT above the level observed by cold acclimation alone may suggest that the level of endogenous betaine synthesis is a limiting factor for the development of FT and that the addition of betaine results in an optimization of the plant metabolism at low temperature allowing further improvement of FT.
The increase in FT observed after exogenous betaine application could be due, either to the increase in cell osmolality or to a more specific betaine effect. To answer this question, the osmolytes NaCl, mannitol, or proline were used at concentrations that increased the cell osmolality to levels equivalent to betaine treatment. The increased osmolality caused by these substances did not significantly improve FT indicating that betaine does not improve FT solely by its role as osmoticum. Molecular analysis indicates that at least two LT-responsive genes (wcor410 and wcor413) were up-regulated by betaine application. These two genes were also induced by drought and salinity stresses (Danyluk 1996 , Danyluk et al. 1998 ). Thus, a subset of LTinducible genes involved in the response to various stresses may participate in the improvement of FT observed upon betaine exposure. We do not yet know to what extent the WCOR410 and WCOR413 proteins participate in the improved FT caused by betaine. However, the recent finding that the WCOR410 protein is associated with the plasma membrane of wheat vascular tissues is of great interest (Danyluk et al. 1998) . This is the first abundant protein found to be associated with the plasma membrane of the vascular tissue which is known to be the most sensitive to freezing stress (Zhao et al. 1992, Tanino and McKersie 1984) . In addition, the sequence information of the Wcor413 cDNA suggest that the encoded protein is an integral membrane protein with several transmembrane domains. The accumulation of these membrane proteins suggests that their expression may alleviate freezing stress at the membrane level and may contribute to the increase in FT caused by betaine treatment.
In vitro studies have shown that betaine can protect thylakoid membranes from freezing stress (Coughlan and Heber 1982) . Furthermore, in glycine-betaine deficient maize lines, high temperature decreases membrane stability and the resistance to photoinhibition as well as the steadystate yield of electron transport over PSII (Yang et al. 1996) . These results suggest that betaine may confer greater chloroplastic membrane stability under both low and high temperature. It was also shown that betaine protects the PSII against salt stress in vitro (Murata et al. 1992 ). Since betaine is normally synthesized in the chloroplast, it may accumulate to a higher concentration in this organelle (Genard et al. 1991) . Betaine accumulation during CA may be an important factor involved in the increased resistance to photoinhibition previously shown to be correlated with FT in cereals (Huner et al. 1993) .
One important conclusion from this work is that we may be able to improve FT in an additive manner in some Gramineae species by overexpressing genes involved in betaine synthesis. Transgenic Arabidopsis thaliana (Hayashi et al. 1997) and Synechococcus overexpressing betaine were found to have enhanced tolerance to salt and cold stresses as well as an improved activity of PSII. However, the use of constitutive promoters may result in the accumulation of toxic levels of betaine that can perturb plant metabolism and growth. One way to circumvent this problem may be to engineer plants that accumulate betaine only under low temperature conditions where the risk of sudden freezing temperature may occur. To achieve this goal, a low temperature promoter will be required. Our recent isolation of a strong promoter induced by LT (Ouellet et al. 1998 ) may allow the construction of gene cassettes aimed at controlling genes involved in betaine synthesis when plants would benefit the most from betaine accumulation. Other promoters may also be of interest in relation with other stresses such as drought and salinity. Such manipulations of betaine production could have a great agronomic and economic impact not only for protection against drought stress as previously suggested but also for FT as shown in this report. In addition, our results indicate that exogenous betaine treatment could be used as a preventive measure during the growing season where unpredicted frost or sudden decrease in temperatures are likely to occur.
